The microstructural evolution of interstitial-free (IF) steel subjected to Φ = 90° Equal Channel Angular Extrusion (ECAE) for up to 4 passes via routes A, BA, C and up to 8 passes via routes BC was studied using Electron Back-Scatter Diffraction (EBSD). Routes BC and BA recorded the smallest grain size and aspect ratios and the largest average misorientation and area fraction of high-angle grain boundaries (HAGBs). During multiple passes, microstructure refinement continues until a convergence in effective subgrain and grain diameters occurs; following which the rate of HAGB formation reduces slightly. The percentage rise in the number of 3 Σ and random boundaries should be correlated with the operation of recovery mechanisms in ultrafine grained IF-steel rather than linking such special boundaries with twinning during ECAE.
Introduction
Equal Channel Angular Extrusion (ECAE) is one of a number of severe plastic deformation (SPD) processes that result in bulk ultrafine grained (UFG) materials. As-ECAE deformation microstructures may be characterised by a hierarchy based on their individual misorientation relationships [1] . In order to correlate such deformation substructures with their overall mechanical behaviour, an accurate and statistically valid description of the bulk microstructure is essential. Thus a delineation between "grains" or "subgrains", "cell-block boundaries" (comprising parallel microbands and/or lamellar boundaries also defined as geometrically necessary boundaries, GNBs) or "cell boundaries" (incidental dislocation boundaries, IDBs for mixed tilt and twist walls) in as-deformed substructures is mandatory. To this end, highresolution Electron Back-Scattering Diffraction (EBSD) techniques involving the use of fieldemission guns coupled with automated Kikuchi pattern identification and analysis processes are used to produce representative measurements of a material's "state" with nanometer resolution over large sample areas [2] . However, in common with other experimental investigations of UFG metals, such EBSD measurements have focussed mainly on fcc materials such as Al [3] and Cu [4, 5] .
In order to establish the effect of the number of passes and employed processing route on the microstructural refinement of bcc materials, the present study employs EBSD to characterise IFsteel specimens previously subjected to room temperature Φ = 90° ECAE after 1 pass (N), 4 passes via routes A, BA and C and up to 8 passes via route BC processing. Microstructural evolution after various passes and processing routes is compared by providing quantitative distributions of subgrain and grain sizes and misorientation relationships. Finally, this information is applied to the composite [6] and scaling factor [7] Hall-Petch (H-P) equations in order to understand the strengthening contributions of low and high -angle boundary populations for up to 8 passes via route BC processing.
Experimental and Analytical Procedure
Commercially available hot-rolled IF-steel plate (Fe-0.003C-0.15Mn-0.03Al-0.08Ti-0.007Si-0.01P-0.005S-0.001N wt%) was obtained from BlueScope Steel Limited, machined into 20 × 20 × 80 mm 3 billets, annealed at 1023K for one hour and allowed to furnace cool. The distribution of grain size in the annealed material was measured using optical microscopy and fitted by a log-normal distribution with a mean grain size of 140 ± 10 μm. The annealed billets were subjected to room temperature ECAE for 1 pass, 4 passes and/or up to 8 passes via routes A, BA, experimental details are described in [8, 9] .
For EBSD analysis, only x (or ED) -plane specimens cut from the center of the stable billet length after 1 pass, 4 passes (via routes A, BA and C) and 2 to 8 passes (via route BC) were used. Each specimen was ground and polished up to 1 μm surface finish followed by light etching using OP-S Silica solution. The EBSD measurements were performed on a LEO-1530 Field Emission GunScanning Electron Microscope (FEG-SEM) fitted with a Nordlys-II™ EBSD detector operating at 20 kV and ×15k magnification. Two orientation image maps of 15 × 20 μm 2 were scanned from the center of the x-plane of each sample using a step size of 80 nm.
Post-processing of the raw data was performed by using the VMAP software package [10] to improve the angular resolution up to 1°. Thereafter, analysis of the EBSD maps was undertaken using the HKL -Channel 5™ software package. In the 256 colour relative Euler maps, the primary colours are proportional to the three Euler angles. It should be remembered that these
Euler angles refer to sample directions when inserted into the microscope and therefore do not generally correspond to the Euler angles conventionally used to describe materials deformed with orthotropic symmetry (for e.g. -rolling). Thus the colours provided by the software represent the different Euler angles of each volume element of the specimen with a 5° angular variation. In many cases, regions of similar orientation have similar colours. However this may not always be the case due to discontinuities in Euler space [11] .
For any particular deformation condition, the two field scans were analysed individually, following which their average and standard deviation results were tabulated. The average misorientation ( AVG θ ) 1 and misorientation profile (in 2° bins) was measured using the >1° lower cut-off value in order to reduce the effects of noise. The effective subgrain ( d 1 15°−°) , grain (°−°1 5 62.8 d ) and average ( AVG d ) diameters were calculated using the misorientation definition of the various boundary types and are discussed below. Boundaries with angles θ ≤ 15° are classified as low-angle (or LAGBs) whereas boundaries with 15° < θ ≤ 62.8° are denoted as highangle boundaries (or HAGBs). As suggested by Bowen [12] , further distinctions between the HAGBs can also be drawn by subdividing them into medium (15° < θ ≤ 30°, or MAGBs), mediumhigh (30° < θ ≤ 45°, or MHAGBs) and very-high (45° < θ ≤ 62.8°, or VHAGBs) -angle boundaries.
The intercept lengths ( X L and Y L ) were measured along the local horizontal and vertical axes of the field scan reference frame (which correspond to the macroscopic TD and ND global axes, 1 From hereon, the subscript term 'AVG' refers to a microstructural parameter averaged over the entire misorientation range extending from 1° up to 62.8°.
respectively). The average aspect ratio (λ) was calculated using the grain reconstruction method after imposing a boundary definition of θ ≥ 1°. It is understood that due to substructure inclination with respect to the local horizontal and vertical axes the intercept lengths across the ED-plane samples will be underestimated compared to other billet planes. However the data trends remain unaffected. In order to account for reasonable grain shapes, the values of AVG d ,
were calculated using the average linear-intercept and then multiplied by 1.75 to return an "effective diameter" value [13] . Thus the effective diameters are calculated by assuming intercept lengths relationships as being essentially smaller than the "true" diameter of the subgrain/grain.
Special boundary relationships were identified using the coincidence-site-lattice (CSL) theory via the Brandon (or proximity) criterion [14] which describes the maximum tolerance of misorientation angle ( ∆Θ ) from an exact CSL relationship by:
where, m Θ is the maximum misorientation angle for a low-angle boundary (1° < θ < 15° Only changes in mechanical strengths are correlated with refinement of the subgrain and grain deformation microstructure. Further details regarding procedure and modulus estimates are described in [20] .
Results
After N = 1 (Figure 2 ), the initially coarse grains of the annealed steel were replaced by a substructure comprising a large area fraction of subgrains and a very small area fraction of grains (enclosed by high-angle boundaries). Here the shear direction is out-of-plane as indicated by the ED, TD and ND -axes. The abundance of low-angle boundaries (comprising ~1 µm subgrains) indicate that significant grain subdivision occurs after the first pass to accommodate the large imposed strain. The smooth transition in subgrain colour contrast indicates a close crystallographic orientation within and between the individual low-angled substructures. In terms of the aspect ratio of the ellipsoidal subgrain after the first pass, the long-axis is approximately parallel to TD-axis while the short-axis is parallel to ND-axis.
After 2 passes via route BC processing (Figure 3(a) ), subgrain refinement occurred and slightly greater numbers of high-angle boundaries also appear. The elongated areas start to get subdivided by the HAGBs while a network of LAGBs is still present inside most grains. However the distribution of LAGBs within these grain boundaries tends to be heterogeneous. Some larger grains contain high densities of LAGBs whereas other relatively smaller individual grains do not contain any LAGBs. The high aspect ratio (λ) grains are elongated along the TD-axis.
After 4 passes via route A, the deformation substructure remains elongated (Figure 4(a) ). In contrast to the N = 1 condition, greater fragmentation of the lamellae along both the TD and ND axes is observed; concomitant with a clear increase in HAGB population. Since route A processing is characterised by the continuous unidirectional rotation of the shear plane in the billet about the TD, successive shear patterns tend to remain more or less constrained within previously created dislocation boundaries. Such behaviour correlates well with the previously observed gradual changes in the fiber-like bulk textures (comprising relatively strong individual orientation densities) for this processing route [8, 9] .
In theory, the return of a refined but equiaxed substructure should occur after even-numbered passes via route C. However, Figure 4 (c) clearly indicates regions of elongated substructures after 4 passes. These results are in agreement with previous TEM and texture work that also found the retention of elongated lamellae and qualitatively shear-type textures after evennumbered passes [8] . The latter was attributed to the complex deformation history during Φ = 90° ECAE which included: (i) deviation from ideal simple shear caused by friction at the billetdie interface and L-shaped chip formation, (ii) variations in billet deformation due to changes in hardening behaviour, (iii) increasing stability of dislocation substructures and grain-scale deformation heterogeneities [8, 21, 22] .
Irrespective of processing route and number of passes, the first bin of the misorientation distribution ( Figure 5 ) contains high θ ( ) f values as it also comprises a small intrinsic scanning error associated with remnants of orientation noise. However, with increasing imposed strain a steady decline of misorientations with angles ≤ 5° is observed.
During the post-processing of some field scans, large spikes were seen at ~30° and 60° misorientation 2 . A previous investigation on IF-steel [12] attributed this anomaly to the unusual incidence of 13b Σ and 3 Σ coincidence-site-lattice (CSL) boundaries due to misindexing by the EBSD software. In the case of severely deformed bcc iron this phenomenon arises because 27.8°〈111〉 and 60°〈111〉 orientations are more prone to pseudo-symmetry than others [23] . In order to minimise such errors and false interpretations associated with such errors, all maps were cleaned by disregarding the effect of the 13b Σ -boundaries. reported for IF-steel [12] , Al and Al-alloys [24] [25] [26] [27] and Ni [28] processed by warm and room temperature ECAE and Armco iron subjected to HPT [29] .
As imposed strain increases, so does the average misorientation of all boundaries ( θ AVG ) ( Figure   7a ) due to the evolution of higher-angled boundary substructures with greater passes ( Figure   7c ). However, the average misorientation for low angle boundaries remains constant up to three passes of route BC and two of route BA ( Figure 7b ). The effects of processing route are also readily apparent as θ AVG -values after 4 passes is the highest for routes BA followed by route BC and then by routes A and C, and can be directly associated with the magnitudes of their
Consistent with ECAE deformation, the average effective diameters obtained after N = 1 indicate significant grain refinement compared to the as-annealed condition (~140±10 µm at N = 0). As seen in Figure 8 (a), multiple passes produces a further reduction in the AVG d -values but the
rates of substructure refinement is markedly reduced after N > 3. Beyond 5 passes, the values of low and high -angled substructures converge as further refinement causes the 15 62.8 d°−° to approach their 1 15 d°−°counterparts (Figure 8(d) ). Throughout, the aspect ratio of the structures remains approximately constant ( Figure 9 ). In terms of the smallest recorded grain size and aspect ratio and the largest average misorientation and HAGB area fractions, routes BC and BA are approximately equivalent, followed by routes A, and C. These results are in agreement with the strain path dependence of microstructural evolution defined by Zhu and Lowe [30] .
The equivalent circle diameter ( ECD d ) method has also been used for all boundaries with θ ≥ 1° (Figure 8(d) ). Here the ECD d describes that diameter of a circle whose area is the same as the measured area of a subgrain/grain [29] . As stated by Humphreys et al. [11] , the ECD d is related to the 'true' grain diameter ( D ) through the relationship:
In this respect, the ECD d size measurements presented in Figure 8 
Discussion
This discussion will focus first on the microstructural evolution in IF-steel and then (due to the relative scarcity of information on as-ECAE steels) compare the results with more commonly examined fcc metals such as aluminium and copper. Secondly, we will examine the mechanical behaviour of as-ECAE IF-steel and the relative contributions of the various microstructural features to overall material strengthening.
Microstructural evolution
Microstructural evolution during the ECAE of the IF-steel can be separated into two periods.
The first period is found below four passes ( While this general trend of microstructural development with increasing pass number appears to be similar for all process routes, variations in the rates of microstructural evolution do exist.
For example, the misorientation statistics and subgrain / grain sizes after 4 passes via route C corroborate previous investigations that found consistently lower rates of refinement for this processing route [31] [32] [33] . Under ideal route C conditions, shear during an even-numbered pass should annihilate the dislocation structure created during an odd-numbered pass. But in the present case, deviations from ideal simple shear and the increasing stability of deformation substructures with greater strain [8, 22] prevents the return of the original grain shape and crystallographic orientation throughout the sample volume. The resultant local strain variations cause a build-up of dislocation boundaries in these areas. However, the overall rate of misorientation build-up remains extremely slow as rates of texture evolution are reduced and
HAGBs are unable to increase their area due to successive distortions and reversals still occurring along approximately the same strain path [34] .
Compared to our limited measurements made on routes A, BA and C, microstructural evolution to a quasi-stable structure appears to be most rapid via route BC. Again, this observation is in common with numerous studies on fcc metals. We thus turn our attention to route BC in more detail.
Microstructural evolution comprises grain subdivision during the initial (N ≤ 3) passes and rapid increases in the very high-angle boundary fraction at later passes ( Figure 6(d) ). The increase in misorientation occurs due to the production of deformation-induced HAGBs by grain splitting into coarse primary deformation bands and with the previous high-angle boundaries accumulating even greater misorientation. However, multiple passes also results in a slightly diminished rate of medium and medium-high -angle boundary formation, especially after N ≥ 6 ( Figures 6 (b and c) ). This is especially discernible after convergence of grain and subgrain sizes occurs (Figure 8(d) ). The persistence of the LAGB structures even after a large number of passes (~40% of the boundary area fraction at N = 6) is due to the ongoing formation of cell structures as a result of the imposed strain and localised recovery effects.
In common with previous studies [12, 35, 36] , the relative flattening of the misorientation distributions tends to occur faster than a corresponding change in the frequency misorientations to even higher class intervals ( Figure 5 ). As suggested in [37] [38] [39] , subgrain walls formed by the re-arrangement of trapped glide dislocations during one pass act as further barriers to dislocation propagation in successive passes. The various low-angled subgrains within the HAGBs select different combinations of slip systems to accommodate the next increment of strain during multi-pass ECAE [40] . In the case of such deformation microstructures, it is energetically favourable to activate fewer than the five slip systems required by von Mises theory. As deformation proceeds, each substructure rotates to the nearest stable end-orientations and results in both, the generation of new boundaries and a further rotation of pre-existing boundaries to even higher angles of misorientation [39] .
Theoretically this process should continue endlessly; with further subdivision within these On the other hand, route BC is considered to be a quasi-orthogonal processing regime; with the third and fourth passes reversing the shear imparted during passes one and two respectively.
Thus while strain redundancy is still active, the rotation of the billet with successive passes forces the activation of fresh sets of slip systems, which in turn create new barriers to slip. It can be inferred that at lower passes the overall mechanical properties would be dictated by the interactions of the predominantly low-angled microstructure; as demonstrated in Section 4.2.
While lattice rotation effects cannot be neglected [41] , larger area fractions of high-angled boundaries are produced after multiple passes due to increased magnitudes of dislocation storage at the cell/subgrain boundaries [29] . As stated by Embury [42] , dislocation density at the boundaries for highly strained materials is characterised by an upper limit and shares an inverse relationship with the square of the dislocation spacing. Correspondingly, increasing the levels of imparted strain enhances the likelihood of activation of mechanical annihilation processes (involving in-situ local recovery effects [42] ) and results in even larger boundary misorientation angles [28, 43] . The end result of such dislocation accumulation and recovery is the formation of dense dislocation substructures with ever higher angles of misorientation between them.
It can also be speculated that after N ≥ 4, the rise in the HAGB population should provide increasing mechanical strengthening contributions. Although the LAGB spacing remains larger than their HAGB counterparts in highly strained materials, the increasing area fractions of HAGBs will tend to affect overall mechanical behaviour as the LAGBs are unable to provide a continuous network to accommodate further deformation [12] . It can be surmised that since the ratio of LAGB to HAGB spacing is approximately constant by this stage, further changes in their individual contributions to overall mechanical strengthening would be a result of variations in area fractions and average misorientation.
Previous investigations [12, 39] also stressed the need for a generalised definition of a true and stable ultra-fine grained material as that which comprises: (i) HAGBs with an average spacing less than 1µm and, (ii) whose proportion of HAGB volume fraction exceeds 70%. The latter criterion was based on experimental evidence of materials with relatively few LAGBs forming a dominant HAGB network; which in turn is said to inhibit discontinuous recrystallisation upon annealing [34, 39, 44] .
However, in the present study the HAGB population plateaus after reaching a maximum of ~60% at N = 6. Initially this suggests that either a greater number of passes are required or that the field scans are not statistically valid for making generalisations over the entire billet volume.
However, when the presence of LAGBs is coupled with recovery phenomena during ECAE, it is surmised that the above definition of an ultra-fine grained material (which was applied mainly to fcc Al alloys [34, 44] ) may not hold for bcc IF-steel.
Alternatively and in agreement with [39] , it is seen here that HAGB formation is discontinuous and occurs on fine length scales until the grain size converges with the subgrain size at N ≥ 4.
This in turn results in the smallest available length scale for dislocation generation/annihilation.
If this phenomenon is assumed to define the formation of a true ultra-fine grained material, an amended definition that helps compare between various UFG materials should state: (i) approximately equivalent average subgrain/grain sizes for both, low and high -angled boundaries and, (ii) a majority HAGB population range.
Special boundaries characterisation
Twins are a potent contribution to the strengthening of fcc metals [45] and have been observed previously in severely deformed Cu [46] [47] [48] [49] . In this study, increasing numbers of passes resulted in a decrease in the percentage of 1 Σ (or LAGBs) boundaries and an increase in the boundaries of higher misorientation ( Figures 5 and 6 , Table 1 ). Two passes also results in an increase of higher index ( 5 29b Σ − ) boundaries followed by a plateau after N ≥ 3. In most cases, the percentages associated with the 3 Σ and 5 29b Σ − boundaries in the HAGB population alone (values in parenthesis in table 1) are approximately double those in the total boundary population and these results agree with an investigation on nanocrystalline Armco iron subjected to room temperature HPT [29] . Also in common are the approximately ~1 -2% total boundary fraction that comprise 3 Σ boundaries.
In other studies undertaken by us on the same material, extensive TEM analyses [8, 9] have failed to reveal structures with twin morphologies. While the presently employed EBSD step size prohibits the unambiguous identification of twins smaller than 80 nm width, at least some of the boundaries should have been identifiable. It must also be noted that even a random grain distribution will indicate the presence of some 3 Σ boundaries and the values depicted in Table   1 are within range of the 3 Σ (1.6%) and random (89%) boundaries for a Mackenzie distribution comprising only grain boundaries [25] . This suggests that deformation twinning may not be as prevalent in IF-steel and is in agreement with Meyers et al. [50, 51] who noted that unlike fcc metals, the twinning domain decreases with smaller grain size and significant plastic deformation in the case of bcc iron. As a consequence, twinning can be discounted as a strengthening mechanism in as-ECAE IF-steel. Rather the presence of 3 Σ boundaries and increasing fraction of random grain assemblies with greater pass numbers should be correlated with the operation of recovery mechanisms during ECAE which tend to favour low-energy boundary configurations [52, 53] .
Correlating microstructure to mechanical strength
The high strength of as-ECAE materials is generally attributed to substructure refinement. Thus it is reasonable to discuss the stress dependence of such deformed materials in relation to their 
where, 0 σ is the friction stress and has been defined as either: (i) the internal resistance to the motion of a dislocation through the crystal lattice [56] or, (ii) the flow stress of an undeformed single crystal oriented for multiple slip or, (iii) the approximate yield stress of a coarse, untextured polycrystal [6] . In the present study 0 σ is regarded as the grain size independent term and includes strengthening contributions from solutes and particles but not dislocations.
M is the average Taylor factor from texture data [57] , α is a constant (= 0.24), G is the shear modulus (in MPa) calculated from the relationship between optimised elastic modulus and
Poisson's ratio (= 0.29), b is the Burgers vector (= 2.48 × 10 -10 m) and V S is the boundary area per unit volume of IDBs ( 1 15 2d°−°π  ). HP k is the strain hardening parameter (or grain size dependent term) related to the additional resistance to dislocation motion caused by the dislocation source density at grain boundaries [6, 58] and 15 62.8 d°−° is the effective diameter of high-angle GNBs. Thus as deformation proceeds, low-angled grain boundaries (LAGBs) gradually transform into high-angled boundaries (HAGBs) and are rendered indistinguishable from original grain boundaries [6] . In this respect, the second term uses the misorientation ( 1 15°−°θ ) of LAGBs while the last term accounts for HAGB strengthening.
The above Eq. (3) has not yet been applied to as-ECAE IF-steel, and thus the H k -values for the material and the magnitude of contribution from the various boundary types are sought using the mechanical and EBSD data for up to 8 passes via route BC processing at Φ= 90° ECAE. Firstly, Ni and Cu compacted powders [6] . Beyond N ≥ 4 ongoing refinement produces increasing numbers of similarly sized low-angled subgrains and high-angled grains. The refinement of the latter also produces the slightly enhanced HAGB strengthening effect between passes. Overall this implies that the composite hardening equation is reasonable as all estimates remain within a ±5% error margin of their experimental counterparts.
In contrast to the above Eq. (3), a simplified stress dependence in relation to the smallest observable microstructural feature (in this case, the subgrain size (°−°1 15 d )) has also been suggested for as-deformed substructures [7] . Since a grain boundary is modelled as an array of dislocations in the lattice, the spacing between dislocations is inversely proportional to the boundary misorientation [60] . Previous reports also indicated no misorientation effects on the flow stress when the average misorientation is above a critical saturation angle (usually 15°) [61] . Accordingly, Li et al. [7] suggested a scaling factor in the H-P equation such that: (4) where, 0.2 σ is the 0.2% proof stress and AVG θ is the average misorientation for the entire range.
Thus the H-P relationship can also be derived using 1 15 d°−° and accounting for AVG θ effects via scaling for up to 3 passes ( Figure 11 ). Least squares optimised values of 0 σ = 99.33 MPa and k′ = 0.57 MPa⋅m 0.5 were calculated and agree with published data [62, 63] . As seen in Figure 11 , the Eq. (4) best-fit line is also comparable to cold-rolled IF-steel [7] .
In two aspects Eqs. (3 and 4) are in agreement. Both results indicate that at least up to 3 passes mechanical strengthening is dictated by the low-angled subgrains as they are significantly smaller than the average grain size [64] . Secondly, at low to medium strains the LAGB resistance is proportional to the square root of misorientation [59] .
It is understood that beyond N ≥ 4 and in accordance with Figure 7 (4) inadvertently suggests a change in strengthening mechanism to HAGBs by simply reverting back to the original H-P formulation and negating subgrain contributions entirely.
In contrast, EBSD data indicates that even up to 8 passes LAGBs still constitute a significant area fraction ( Figure 6(a) ). Therefore Eq. (4) merely fits mechanical data by increasing the H-P slope during the initial deformation stages when substructures enclose low misorientation angles [6] .
Correspondingly the k′ -value is only an approximation as boundary character and its co-related size effects are not considered over all passes [65] . From the above it is understood that microstructure -mechanical property correlations estimated from the composite H-P equation (Eq. (3)) account for both, LAGB and HAGB deformation substructures.
Conclusions
The deformation microstructure and corresponding mechanical property relationships were determined for IF-steel samples after 1 pass, 4 passes and/or up to 8 passes via routes A, BA, BC and C at Φ = 90° ECAE and are summarised as follows:
1. Although the rates of HAGB formation vary with processing route (BC ≥ BA > A > C at N = 4), the overall trends suggest a marked increase in HAGB area fraction with greater pass number.
2. During multi-pass ECAE, significant microstructural refinement continues to occur until a convergence in effective subgrain and grain diameters. Following this phenomenon, the rate of HAGB formation was also found to reduce slightly. Table 1 : Grain boundary character distribution ( Σ ) using the Brandon criterion for up to N = 4 and 8 via routes A, BA, BC and C at Φ = 90° ECAE. Legend: N = number of passes; A, BA, BC and C denotes the chosen processing route. Values outside parenthesis are estimates for all boundaries whereas values within them refer only to HAGBs. All values have been rounded-off to one significant digit.
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